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purpose of  t h i s  contract  i s  t o  inves t iga t e  the  
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k a s i b i l i  t y  of  a _travell ingwave device of r o t a t i o n a l l y  symmetric 

2eometry f o r  p r o p u l s i d  

ana ly t i ca l ly  and experimentally and i s  described i n  some d e t a i l  

The program has been approached both 

1 - 
below; following which is  a discussion of proposed fu tu re  study 

I NTRODUCTI 0 N 

The -purpose o f  t h e  annular t r a v e l l i n g  
d channel j s ,  t t o  acce lera te  a cold plasma from a low i n l e t  veioci t y  

( for  exilmple 

ir;  the range of 15 t o  20 thousand meters per  second 

1 0  t o  100  meters per  second) t o  an exi.t veloci.ty 
-- 1 

A high 

frequency magnetic f i e l d  t r ans fe r s  energy t o  the  ionized p a r t i c l e s .  

These ions a r e  rap id ly  accelerated and experience charge exchanTe 

c o l l i s i o n s  with the  neut ra l  atoms t h a t  a r e  present i n  the  medium. 

After  an encounter between a f a s t  ion  and a slow n e u t r a l  p a r t i c l e ,  

t he  high speed ion  captures an e lec t ron ,  becomes a f a s t  n e u t r a l ,  

and leaves the  tube without f u r t h e r  incident .  The newly created 

slow ion r is  then under the  inf luence of the  magnetic f i -e ld  and t h e  

process i s  repeated. 

Although th ree  d i s t i n c t l y  d i f f e r e n t  species  a r e  present ,  

i ons ,  s l o w  n e u t r a l s .  and f a s t  neu t r a l s  we f i r s t  consider a model 

which represents  the  average p rope r t i e s  of t he  plasma. 

I n S  t i a l  study the  following problems a r e  examined: 

I n  our 
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2. 

A theoretical study of a one fluid continuum 
travelling wave device. 

A theoretical study of a multicomponent flujd model 
f o r  the same geometry 

The electromagnetjc boundary valued problem to 
determine the necessary ampere turns for the desired 
magnetic field. 

These are the major theoretical points which will be dis- 

cussed in thi.s report. In addition, several areas have been given 

considerable attention in the experimental phase of the project. 

Among these were: 

14 Design and construction of penetrations into the 
vacuum pumping facility into which the device will 
operate. 

Design and construction of a travelling wave tube and 
winding; selection of an economical core material for 
the external magnetic circuits and construction of same. 

2. 

. 3 .  Finding and securing a satisfactory multiphase a.c. 
machine for powering the device. 

- 4. Design and construction of a glow discharge chamber and 

appropriate power supply to be used as a possible cold 
I plasma source. 

5. Design of probes for diagnostic purposes with regard to 

a.c. magnetic flux. 
. _  

The above experimental work has occupied considerable time 

and capital expense-but it is felt that it is necessary to verify 
- -_ 

the several assumptions involved in the analysis, for example, the 

importance of charge exchange phenomena. 
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1 "  =: iheoretical Study of a One Fluid Conti-nuum Travelling Wave Tube 

We begin our analysis with the basic magnetohydrodynamic 

equations that characterize the flow. It is assumed that the mag- 

netic Reynolds number is very small and therefore the flow does not 

distort the imposed magnetic field. 

Con t i nui t y 
aP a 
a t  d X  
- + - (p]= 0 

Momentum 
- 

p ($+ L< d X  q 
Ohms Law 

3 Where: e = mass density Kgm/meter 

u-= 

x = axial coordinate-meters - 
t =- time-seconds 
J = current, amperes 
B = magnetic field-Weberslmeter 

U- = electrical conductivity-mho's/meter 

plasma velocity in the axial direction meters/sec 

-_ 

2 

r E = electric field-volts/meter 

- 

After combining equation (2) and ( 3 ) ,  the two remaining 

expressions are non-dimensionalized and show that the variables p and 

u can be separated if one assumes that each of them may be represented 

by the series expansion as in reference 1. 
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ZiNt 

Where: 9 * general property ( e  or u) 
E = an arbitrary expansion parameter that 

will be introduced into the definition of 
the 7 x force. 

The complete development indicates that the coupling between 

the magnetic field and the plasma is di.rectly propor t iona1  t o  the 

conductivity of the plasma, and the square of the maximum amplitude 

of the field, and inversely proportional to the initial momentum 

f lux .  , 
We will now present a detailed solution of the problem 

then discuss the effect of varying some of the aforementioned 

meters. 

and 

para- 

Figure 1 shows the basic geometry and indicates that an 

elemental volume of plasma accelerated by the magnetic field, moves 

to the right. In reality, the volume will follow some helical path 

in the annulus; however, for a one-dimensional model the motion - 

is onLy agial. 

The current J induced in the plasma is a function of the 

relative velocity between the plasma and the field. These two 

velocities are related by the equation: 
- 
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b 2  

XI v e l o c i t y )  
(magnetic f i e l d  

ve loc i ty )  
x3 

and s ince the f l u i d  ve loc i ty  can never equal t he  f i e l d ,  the r e l a t i v e  

ve loc i ty  vector  is always i n  the negat ive x direct ion.  When 

t r ave l l i ng  with the  f l u i d ,  the plasma only experiences a magnetic 

f i e l d ;  therefore ,  Ohms Law i s  wr i t t en  as 
r 

It  i s  assumed t h a t  the f i e l d  i s  a per iodic  funct ion of the form 



Where: 
A = 

c3 = radians/sec. 

wave1 ength-me t er s 

Combining equations (5) and (6) with (2) the result is 

At this point it is appropriate to nondimensionalize equations (1) 

and (7) by using the following definitions: 

/ 
4 = X / = M * L (  

f 
7 

e = e * e  (E = mass density at x=O) 

The primes indicate the dimensionless quantities, and we 

now have 

Cont. - 

Mom. 

2 

(interaction parameter). 
8, c- 

eo and = - 
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The solution of these coupled equations is made possible by the 

introduction of a parameter E in the forcing function of the 

momentum relationship. Hence, we let 

which reduces to the actual definition of the cosine squared 

as E + L  

This fact plus the assumed form of the solution outlined in 

equaticn ( 4 )  produces the final structure of the momentum and 

continEi'ty equations. For convenience we will omit the prime 

- notation. 

-=-e- x s o  
\ 

&+P+ 

0 

t k  

n K  
lA 

2 
( A I  e. 

2;. e. 

e -1-e 

4 



A s  a f i r s t  approximation we determine Y DQ (%I and <A], 

I n  so  doing we expand equatjons (10) and (12)  i n  powers of E 

and se t  each of the coef f ic ien ts  of € equal t o  zero. After 

following the procedure, and uncoupling the  equations we f ind t h a t  

7B 
u =  Po I + u] 

, Y  7 

- I  -4* - 
c 

4 - I  - p = % ]  - s  

where , 
“‘0 y = o  

and 
-5 

Figure 2 i l l u s t r a t e s  - t he  degree of coupling between the 
- 

magnetic f i e l d  and the plasma, and i n  the  f i n a l  analysis  

which ind ica tes  the coupling i s  independent of the  frequency. 

It i s  des i rab le  t o  have as l a rge  a value of  d; a s j o s s i b l e .  

The i h i t i a l  densi ty  must be l a rge  enough .so t h a t  we can measure a 

change i n  i t s  ve loc i ty  yet  l o w  enough t o  assure the reasonableness 
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of the model of charge exchange interaction. 

will be influenced by the efficiency of a.c. field excitation 

to produce ions initially and the plasma source. 

that the conductivity of xenon rises very rapidly with temperature 

change but is relatively insensitive to variations in pressure. 

In another section we will discuss the boundary valued problem 

The conductmity 

Figure 3 shows 

effecting the average value of the magnetic field as a function 

of ampere turns. 

The Multicomponent Fluid Model 

The multicomponent fluid model is solved in a similar 

The basic system of equations is different, however, 
I 

manner. 

to include the effect of charge exchange in both speciegeneration 

and nomenturn transfer. 

they are: 

Three fluids are assumed in this section, 

1) 

2 )  

Ion-electron gas designated by subscript i. 

Fast neutral gas designated by subscript f, 

3 )  Slow neutral gas designated by subscript s. 

The basic equations are given below for the one-dimensional 
r 

model. 

Continuity (13) 

dk= 0 k 4 c , s  Specie generation 
R 
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Momentum 

where k may be i, f o r  s f o r  each of the  f l u i d s  

have the same meaning as before 
i s  the generation of t he  speciesin the  model 

e& U k  

& 
F i s  the  external force and body force. I n  addi t ion,  

speciesenergy equations may be used. However, as 

a f i r s t  solut ion the  e f f e c t s  of pressure gradient  
a r e  neglected, t ranspor t  coe f f i c i en t s  a r e  assumed 
constant and hence the  energy expressions may be 
omitted. 

With the above s ta ted  r e s t r i c t i o n s ,  t he  system of  equations 

t o  be sofved are:  

which assumes the  ion-electron population t o  remain the  

s 2me. 

whGre equation (14) has been involved together with the  

assumption i n  (16). 

where Ltc = f i e l d  ve loc i ty  
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Before proceeding t o  the  solut ion,  t he  species generation 

I f  9 = c o l l i s i o n  frequency term GS must be given significance.  

between ions and slow neut ra l s ,  one has 

3.: 'ins 6 s  (Ui- us) (22 1 

where n;= number density of  ions 

f l s z  number density of  slow neu t ra l s  

charge exchange cross  sec t ion  between tons 
and s l o w  neutrals .  Since the  mass of ions ,  

= 

s l o w  neutirals and f a s t  neut ra l s  a r e  e s sen t i a l ly  t h e  same, m, 

wherein the loss of  slow neut ra l  mass densi ty  i s  equal '  t o  the 

number of c o l l i s i o n s  p e r  un i t  time per un i t  volume times p a r t i c l e  

nass. 

Again, t he  expansion ( 4 )  i s  used t o  reduce the  equations t o  
I 

solvable form. 

of densityr and ve loc i ty  a re  

The f i r s t  term so lu t ion  for the  various components I 
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- 
where u/&= dimensionless i n l e t  ve loc i ty  

k E f rac t ion  of i n l e t  t h a t  i s  neu t r a l  . 

incoming f l u i d ,  A is  the  f i e A d  wave- 

length. 

J = %pAa+ - '' where p is  the  i n t e r a c t i o n  
pZ(1-k.) 

parameter described a f t e r  equation (9) , 

which the  ions can reach as a f r a c t i o n  

of t h e  f i e l d  v e l o c i t y -  approaches 1. 

The Charge Exchange Model 

Some b r i e f  analysis  of t h e  charge exchange model i s  required 

t o  ind ica t e  i ts  v a l i d i t y  as an important consideration i n  the  

analysis.  

charge t r a n s f e r  cross-section decreases t o  some asymptotic value 

as the  incident  ion energy increases  approaching t h e  value given 

F r o m  reference ( 2 )  and f igu re  ( 4 )  it is  noted t h a t  t h e  

by Sena i n  reference (3) .  Q( cm") = 1.88 x 1 0  4 2  /ui where ui 
I 

i s  the  ion iza t ion  poten t ia l  i n  t h e  equation i n  e lec t ron  v o l t s .  

I n  reference ( 4 )  page 7,  the e l a s t i c  e f f ec t ive  c o l l i s i o n  cross-  

sec t ion  i s  reproduced from a work by Brode i n  1933. 

r e s u l t s  a r e  shown i n  f igure 4 ,  f o r  the  r a r e  gases and show very 

dramatically the  effectiveness of charge exchange c o l l i s i o n s  f o r  

t h e  processes previously described. Due t o  e a s i e r  i on iza t i cn ,  Xenon 

appears t o  be a l og ica l  gas. 

and Xenon as working gases i n  t h e  experimental program. 

These two 

However, i t  is  hoped t o  use 'bo th  Argon 
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Electronagnetic Boundary Value Problem 

Another problem which needed inves t iga t ion  both 

d 
0 -.L 

.-f 
A ----. 

---------- 

mafyt icaLly 2nd expe rhen ta l ly  was the f i e l d  form which was 

assumed i n  the solut ions t o  be a t r ave l l i ng  cosine wave. 

delving i n t o  the d e t a i l s  of the solution, l e t  us discuss  the 

Before 

Figure 5a 

a = the  length of one phase winding 

b = the  dis tance from the core t o  the  outer  s h e l l  

d = the  locat ion of the center l ine  of  the  windings 

$ = the  center l ine-of  t he  annular region of plasma flow 

- 

p0 = permeabili ty of f r e e  space 

pe = re la t ive-permeabi l i ty  of  the  core  mater ia l  which f o r  
P 

analy t ica l  purposes w i l l  be assumed i n f i n i t e  even though 
i t s  value i s  1200 a t  a frequency of 20 k c. 

The model i s  t w o  dimensional with dimension a *  lob  and d % l / / b .  . 

One can a s s e r t  t h a t  no current  skeetcan be present  a t  t he  i n t e r f a c e  

between the  plasma and the magnetic mater ia l ,  because of very low 

eddy current  losses  Ln the s t ee l .  

- 

Losses range i n  the neighborhood 
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I 

of 2 watts per pound of core material. From these con- 
- 
siderations, the vector potential and associated electromagnatic 

- boundary conditions are 

:&ere Prn= Maximum value of current 
Therefore, we deduce that the tangential component of B at 

( X,  = o ,b  ) is- zero and che normal component is continuous 

across these planes. To complete the definition of our problem 

we set A,=O at ( X , =  q a  ). The boundary conditions are de- 
I 

+- ---t B -+--* 

I 

r 

where region (1) is 0 4 ~  I d  and region (2)  values of d 4 y L h  . 
The form of the forcing function in equation (1) implies that 

at any instant the current is all wires of any phase have the 

same amplitude. We use standard techniques to solve this pro- 

blem. 
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Employing the Green's Function proceed in the following manner; 

1) solve the homogeneous equation subject to the boundary 

We can separate the  
-_ - 

conditions of the'inhomogeneous equation. 

variables by assuming a solution of the form 4 2  = XCx) YCV) 

2) the solution in region one and two must be continnous 

at y=d 

3 )  the discontinuity in the first derivative is defined 

? 

therefore, 

If we let a/bk 11 

figure (6) illustrates the vector potential. 

The average value of By for an area of a/2 (b-2d) is 

and b/dg 3 and thenkale Bx2 to By2, 
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All that remains is to choose a convenient set of dimensiosm, 

introduce the naximum value of linear current density available 

c-id than calculate the magnitude of the largest radial B field 

attainable. 

Experimental Program 

As previously mentioned, the experimental work has pro- 

ceeded along with the analytical work. The channel based on 

the one dimensional anaiysis is being constructed. 

The solenoidal winding on the travelling wave tube has 

taps for both 3 phase and 4 phase connections. 

Investigation of one of the three phase windings revealed that 

A preliminary 

a) by capacitively tuning the circuit the maximum load 

could be increased by a factor of three. 

b) when a core made of soft iron wire was inserted into 

the solenoid the inductive reactance went up by a factor of 

100. 

It is our intention to perform the necessary tests to de- 

t ermine ‘the optimum balanced circuitry for the final installation 

which will contain both a laminated steel core and outer shell. 

Considerable effort was expended in location core material 

with low eddy current losses and a realtive permeability above 
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500 for operation a t  20 KC and magnetic f i e l d  i n t e n s i t i e s  of 

several  hufidred gauss. We chose a high S i  content s h e l l  which 

measures 0.004'' x 1/2" x 40.0" 

a v z i l a b l c  mater ia l .  

G I  the essex3ly or' the  5000 laminations required with the appro-- 

This appeared t o  be the best  

Preset--tly construct ion i s  near ly  complete 

- lJAiate  T spacers t o  assure a uniform r a d i a l  s tacking fo r  both t h e  

care and t h e  

Tower Supply 

outer  she l l .  

The power supply t o  be used f o r  t h i s  experiment is r a t ed  
I 

a t  2C k.1,  with a frequency o f  20 KC and an output current  of  

5 0  erqeres.  This has been ordered for severa l  months and de -  

l i ve ry  w i l l  be complete with the  a r r i v a l  of t he  motor s t a r t e r  

- --B-omisec! -a about October 1. A f t e r  t h i s  i s  received and coxinections 

made, 2. search of the  magnetic f i e l d  w i l l  be made t o  determine 

experinental ly  the  magnetic f i e l d  i n t e n s i t y  i n  the  channel. 

For t h i s  purpose, a s e t  of search c o i l s  have been designed 

t h a t  are  nutual ly  orthogonal and can be mounted on a probe t o  

reasure  the s t rength  of the magnetic f i e l d  i n  the  annular region 

o f  the t r ave l l i ng  wave tube. The c o i l s  w i l l  sense r a d i a l  and 

ax ia l  f lux ,  and the  induced vol tage i s  read on an osci l loscope.  

The p o s s i b i l i t y  of having any mutual inductant  is removed i f  

cont inui ty  i s  maintained i n  only one c i r c u i t  a t  a time. 

c c l l s  can be r e d  zccurately t o  within one gauss. 

r 

Both 
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Ion Generation and Diagnostics 

?i-evicusly mentioned i n  t h e  introduct ion was a glow 

6 ;  - sc-ie-- i G ~ g e  Lonization device and power supply. The theory 

f o r  long discharges vs. eolumns electrode s i z e  i s  w e l l  

es tabl ished and may be found i n  reference 5. However, f o r  

concentric cy l ind r i ca l  electrodes much less i s  known and f o r  

dtscharges with long electrodes compared t o  t h e  gas discharge 

column very l i t t l e  seems t o  be published. 

sone ;,ziioiinary experimental work i s  now being conducted t o  

dz t e rmhe  v o l t  an?ere c h a r a c t e r i s t i c s  f o r  t h e  above geornetrics, 

v;Z.=ich h v e  d e f i n i t e  geometrical advantages for t h e  poss ib le  

production of ionized gases f o r  t h e  t r a v e l l i n g  wave device. 

For t h i s  reason 

?or t h i s  ex?erinental work a power supply was needed which 

was designed and constructed t o  provide very low r i p p l e  d.c. 

Zrm 0 t o  600 v o l t s  and 2 aniperes. This experiment i s  belng 

~~:rfo;crr:ed now and s u f f i c i e n t  information should be ava i lab le  

fcr use within two o r  threeweeks of ac tua l  operation. 

- in'connection with t h i s  experiment and f o r  ion  concentration 

l e t e r n i n a t i o n  wltfiin t h e  t r ave l l i ng  wave tube, Langmuir probes 

?cllowing the design and theory presented by French i n  reference 

6 are  cur ren t ly  being made. 

The above describes the  ana ly t i ca l  and experimental research 

t h a t  has proceeded t o  date. It i s  intended t o  continue the  ana lys i s  
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and experimental ve r i f i ca t ion  of the  coaxial  t r a v e l l i n g  wave 

device i n  i5.a e~rzsuing nonths as specif ied i n  the  o r i g i n a l  con- 
4 

tract . is a br i e f  descr ipt ion of a poss ib le  f u t u r e  ex- 

tension of t h i s  work. 

1. Ion migration - coaxial  conical  configuration 

2. f i d d  geometry changes . 
3. Cmtlnuous Flow Rai l  Gun 

(possible f i e l d  due t o  rapid e l ec t ron  d i f fus ion )  

A Conti~~uo;:s F lav  2 ~ ~ 5 1  Gun 

rn* rzscal r a i l  gun operation i s  affected by producing a 

discharge i r z  a gas between two electrodes ( r a i l s )  by means of 

cn applied f i e ld .  Tke  back strapped electrodes than give r ise 

‘LO a 3 2-id.d perpexdicular t o  the  plane of  t h e  electrodes i n  a 

two dLmnsiona1 model o r  a rneridianal plane i n  case of a coaxial  

zadel. %is field coupled t o  current  densi ty  J caused by the  

-- .‘’ow 05 eLectrons r e l a t i v e  t o  ions i n  the  plasma between the  

clectrcdes gLve r i s e  t o  a high magnetic pressure which acce lera tes  

ehe gas7cu: or’ the tube. 

techniqrre repeated. 

New gases introduced and t h e  pulsing 

In the continuous model a glow discharge 

i s  considered over the  e n t i r e  length of the  discharge tube. A 

ccnc5rxous flow of gas i s  introduced and t h e  device i s  operated 

ia a steady s t a t e  cor,dition. 

The Fc--.k.’ - b - A - G - - -  .a -.. .L ecpatlons for one f l u i d  model are:  



where: 

f = t h e  densi ty  

U; = t h e  i t h  component of  ve loc i ty  

Xk = the  spac ia l  coordinate 

t = time 

q-;; = generalixed Kroneckerdelta 

- 4 = jth coqonent  o f  cur ren t  densi ty  

- B;; = kzh component o f  magnetic f i e l d  i n t e n s i t y  
F 

For a one GixensLGnal, steady s t a t e  condi t ion t h e  equations 

reduce to :  

- (30) 

and 

The d i r e a i o n s  of  J and B are  ind ica ted  i n  Figure 7. 

Figure 7 

Coaxical Zoatlnuous Flow Rai l  Gun 



?or.i the  f i r s t  05 equations (32) pT=- do - 
r d x  

I f  t h i s  i s  I r ser ted  i n t o  (31) 

From (30) p a  = a constant =paUo 

which subst5-tuted i n t o  ( 3 4 )  gives 

Since B ( the magnetic f i e l d  i n t e n s i t y )  a t  X=e i s  the  
0 

l a rges t  in the  tube and rZ, is assumed-very low, the  l a r g e  p a r t  

cl" t he  r i g h t  hand s l d e  of (35) i s  probably contained i n  the  

second t e r m .  Furthermore B - 0 a t  the  end of t he  

channel, t%us 

I_ 13: 
% (-!n appropriate maximum ve loc i ty)  "Wop 2 
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* .  29. 

Equation (35) is t he  expression f o r  U o r  B i n  terms of t he  

other. C c A h l n g  e p a t i o n s  (33)  and (32a) f o r  t he  steady 

s t a t e  gives: 

Inser t ion  of  E f rom (35) gives: 

P 

Since 2 is  the applied f i e l d  - assumed constant for t h i s  example 

say E = E O  

Th+ i s  Abel's d i f f e r e n t i a l  equation f o r  which so lu t ions  

can be found readi ly .  

I n  a d d i t h n  t o  the  extension l i s t e d  on Page 23 of t h e  

.-. 
%- LLavzi- ;q  -c vavz $mice ,  we should l i k e  t o  consider t he  above 

x d e l  i n  a futilzfz Fra jec t ;  

r..2de.l; charge exc*iz~:-~,e e f f ec t s  and poss ib le  E var i a t ion  v i a  

-:grnented electradss. 

t o  consider a multicomponent f l u i d  

There i s  also t he  effect of  t he  rapid 



o u t  

ZIG t 

of the tube in this 

accounted f o r  above 

possibly even in exc es s 

.;yessure which - is included. 

30. 

nonequilibrian 

and which effect 

of the magnetic 
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